Pitch variation (e.g., pitch movement and range) has been proved to be one of the most important cues in encoding and distinguishing emotions in speech. However, it has been found that pitch variation could be restricted due to the existence of lexical tones in Mandarin, resulting in the failure of distinguishing emotions through pitch variation cues. Based on this finding, we conducted both production and perception experiments to explore whether pitch variation cues were indispensable for listeners to identify emotions. Results of the production experiment demonstrated that there was no significant effect of Emotion on pitch variation cues in T1 group (all high level tone sequences) in Mandarin, suggesting that in some case, pitch variation may not be effective for encoding emotions. However, results of the perception experiment confirmed that the identification rates of emotions among five tone groups had no significant differences. Therefore, we posit that listeners may not always use pitch variation cues to identify emotions in speech. There might be a gap between the analyzed prosodic cues in the production experiment and the cues used by listeners.
Introduction
It is well established from a variety of studies that prosodic cues such as pitch, duration, and intensity play pivotal roles in the acoustic realization of vocal emotions [1] , among which pitch has been thought of as the most key factor. Particularly, the importance of pitch variation (e.g., pitch movement and range) has been emphasized in encoding and distinguishing emotions (e.g., [2] [3], among many others).
However, there is increasing concern about whether these prosodic cues are sufficient to distinguish vocal emotions. Thus, recent trends in the acoustic analysis of emotional speech have led to an interest in adding more cues (e.g. voice quality cues, spectrum cues) into consideration [4] [5] [6] . Although these studies have enriched the knowledge of mechanisms underlying the vocal expression of emotions, there has been little doubt about the primary role played by pitch (especially pitch variation) in differentiating vocal emotions.
In a previous study, we found that the pitch variation may be useless in distinguishing emotions when the sentence was entirely made up of high level tone syllables in Mandarin [7] . This finding was interpreted as a possible effect of the lexical tone system of tonal languages, which may restrict the paralinguistic use of pitch for the expression of emotions. One source of weakness in this study was that only two emotions (happiness and sadness) were tested. Moreover, only pitch range and mean absolute slope (i.e. the average absolute slope across all turning points in a pitch contour) were used to quantize the degree of pitch variation. Therefore, there is a need of more emotions for the acoustic analysis with more sophisticated measurements of pitch variation.
The current study is an extension of [7] by adding anger and fear into analysis. Additionally, four more pitch variation cues (rise, rise slope, fall, and fall slope) in different tone conditions in Mandarin are examined. A production experiment is conducted to investigate the role of pitch variation cues in distinguishing emotions. A perception experiment further explores whether the paucity of pitch variation would hinder the identification of emotions.
Method

Production experiment
Speech materials
Twenty-seven declarative sentences were used as speech materials. They were classified into five groups in terms of different tone types: T1 group (all high level tone sequences), T2 group (all rising tone sequences), T3 group (all low/dipping tone sequences), T4 group (all falling tone sequences), and Mixed tone group (a combination of four tones). Fifteen sentences were used for the Mixed tone group and three sentences for each of the same tone groups. The sample sentences can be seen in Table 1 . All the sentences were emotionally neutral and were embedded in a certain scenario to reflect four different emotions: anger, fear, happiness, and sadness. Table 2 lists one example of the target sentence in four emotional scenarios. 
Subjects
Five native Mandarin speakers (3 males and 2 females, average age = 25.4) participated in the production experiment. They all had experiences of acting on stage and were good at public speaking. Participants signed a consent form and received 60 yuan as compensation.
Recording procedure
Each speaker sat in a sound-proof booth with a computer screen in front presenting speech materials through PowerPoint slides. Recordings were made by Audacity with a headset microphone at a sampling rate of 44.1 kHz. Different emotions were recorded separately, with a break in between to make sure that speakers could adjust themselves from one emotion to another. Sentences were produced in isolation for neutral emotion as control data. The four emotional scenarios were recorded in a dialogue setting, in which speakers conducted a dialogue with the experimenter. Finally, we collected a total of 1350 target sentences (= 27 sentences × 5 speakers × 2 repetitions × 5 emotions).
Perception experiment
Stimuli
Only the target sentences in emotional scenarios and their corresponding neutral recordings were used as stimuli in the perception experiment. These recordings were grouped into five sets produced by each of the five speakers in order to eliminate the influence of speaker differences when judging emotions. Each set contained 150 mixed tone stimuli (15 sentences ×5 emotions × 2 repetitions) and 120 same tone stimuli (3 sentences ×5 emotions × 2 repetitions × 4 tones). All the stimuli were randomized within each set.
Subjects
Native Mandarin listeners were recruited for each of the five sets of stimuli. The number of listeners was 36, 23, 30, 22, and 20 for each set, respectively, with an average age of 22.8. Listeners reported no speech and hearing disorders.
Procedure
Stimuli were presented using the Qualtrics online survey tool. Listeners were asked to listen to each stimulus carefully and select the most appropriate emotion from five options including anger, happiness, fear, neutrality, and sadness.
An overview of pitch contours
In the following production and perception analysis, recordings of target sentences were further chosen on two criteria: 1) identification rate should be more than 60%, which was three times of the chance level [8] . This was used to make sure that emotions were truly elicited in the analyzed recordings; 2) different emotions should be compared with parallel texts to ensure that the variances of acoustic cues and identification rates among five emotions only came from the effect of emotion type. Therefore, we chose 970 perceptually valid recordings (for Mixed tone group: 106 sentences × 5 emotions = 530 sentences; for the same tone groups: 88 sentences × 5 emotions = 440 sentences) into analysis. Figure 1 provides a general picture of emotional prosody in Mixed tone group and T1 group. The pitch contours were time-normalized and averaged across five speakers. It can be observed in the Mixed tone group that these emotions differ in mean pitch [high pitch level (fear, happiness, and anger) versus low pitch level (sadness and neutrality)] and pitch variation [large pitch fluctuation (anger, happiness) versus small pitch fluctuation (fear, sadness)]. In contrast, the pitch contours of five emotions in T1 group are quasi-flat, and only differ in mean pitch. It seems that pitch variation is not effective for differentiating emotions in T1 group. Due to space limitation, pitch contours in T2, T3, and T4 groups are omitted, which have similar patterns with Mixed tone group. 
Acoustic measurements
Based on the visual observations of figure 1, several pitchrelated measurements were generated to portray both global and local pitch movements. They were: (1) mean pitch; (2) pitch range; (3) mean absolute slope (MAS for short, average absolute difference between two adjacent pitch points divided by distance in seconds); (4-5) rise and fall (average pitch difference between two adjacent pitch points for rise and fall separately); (6-7) rise slope and fall slope (average slope for rise and fall separately). These measurements were conducted on the continuous pitch contours modeled by Momel algorithm using a Praat plugin [9] . They were normalized to eliminate individual differences using the OMe (OctaveMedian) scale [10] . In addition, (8) speech rate and (9) mean intensity were also included. All the 9 parameters were then transformed to z-scores combining all the emotions separately for each speaker. Figure 2 compares mean values of mean pitch, pitch range, mean absolute slope, rise, rise slope, fall, fall slope, speech rate, and intensity across five emotions in different tone groups. It is apparent from this figure that the mean pitch, speech rate, and intensity of five emotions show similar patterns across different tone groups. However, the pitch range, mean absolute slope, rise, rise slope, fall, and fall slope have little variance among five emotions in T1 group, which was in line with the observation in figure 1.
Results
Production experiment
Figure 2: Z-scores of prosodic measures across tone groups in five emotions.
A set of repeated measures ANOVAs was conducted for different tone groups with Emotion (anger, fear, happiness, sadness, and neutrality) as a fixed within-subject factor, and all prosodic measures as dependent variables.
Emotion exhibits a significant effect on mean pitch for all tone groups (Mixed: Multiple comparison results showed that in Mixed, T2, T3, and T4 group, anger and happiness had a significantly larger pitch range than the other three emotions, suggesting that anger and happiness had greater expansion of pitch movements. In contrast, the pitch range of five emotions was small in T1 group and no significant differences were found between emotions.
Emotion showed a significant effect on mean absolute slope for Mixed, T2, T3, and T4 group, but not for T1 group Multiple comparisons showed the ordering of anger, happiness > fear, neutrality > sadness, from highest to lowest for all groups (> indicates a significant difference).
Taken together, these results suggested that in T1 group, the fluctuation of pitch was restricted due to small values of pitch variation cues such as pitch range, mean absolute slope, rise, rise slope, fall, and fall slope. Moreover, no significant differences between emotions were evident on these cues, indicating that pitch variation cues were unable to distinguish between five emotions in T1 group.
Perception experiment
Perception experiment was conducted to investigate how well Mandarin listeners identify emotions in different tone groups, and whether restricted pitch variation in T1 group would hinder the identification of emotion. Table 3 presents the identification rates of different emotions and their confusion patterns for each tone group. All the emotions in every group were identified at a rate of higher than 82% (note that the chance level for emotion identification is 20%), indicating that listeners could successfully distinguish five emotions in each group. Overall, sadness and neutrality received higher identification rates than anger, happiness, and fear. In order to test whether the numerical differences of identification rates between emotions and tone groups were statistically significant, we conducted a two-way ANOVA using Emotion and Group as fixed factors, and the identification rate as a dependent variable.
The main effect of Emotion was significant on the identification rate (F [4, 945] = 35.351, p = 0.000 < 0.01), resulting in some emotions perceived easily than others [sadness (96.22%) > neutrality (93.67%) > happiness (88.53%) > fear (86.44%) > anger (85.98%)]. However, there was no significant main effect of Group on the identification rate (F [4, 945] = 0.827, p = 0.508 > 0.05), suggesting that emotions were perceived with little variance across five groups, regardless of the different patterns of pitch variation cues between T1 group and the other groups in the production experiment.
The interaction effect of Emotion × Group was also significant (F [16, 945] = 2.851, p = 0.000 < 0.01), which can be seen in 
Discussion and conclusions
The present study was designed to verify the findings of a previous study [7] by including two more emotions and more sophisticated pitch measures, which further tested whether general prosodic cues such as pitch, duration, intensity and their related measurements were sufficient to differentiate between five vocal emotions through a production experiment and a perception experiment.
In production, we found that different emotions had distinctive acoustic patterns in terms of pitch-related cues (mean pitch, pitch range, mean absolute slope, rise, rise slope, fall, fall slope), speech rate, and intensity in Mixed tone group, T2 group, T3 group, and T4 group. However, with regarding to the pitch measures reflecting the variation of pitch over time, the differences between five emotions showed no significant variation for T1 group. These results have further supported our earlier finding that the acoustic patterns of emotions can differ within a language, and the restriction of pitch variation occurred in T1 group due to the nature of its tonal structure [7] .
There are several possible implications for the results of T1 group. First, due to the restricted pitch variation of five emotions in T1 group, listeners may have difficulties in distinguishing between them. Thus, pitch variation cues would play indispensable roles in emotion identification. Second, if listeners could still identify vocal emotions in T1 group, there might be a gap between the analyzed acoustic cues and the cues used by listeners. The perception experiment was conducted to test these possibilities. The results showed that listeners had no difficulties in identifying five emotions in all tone groups regardless of the restricted pitch variation in T1 group. Therefore, we come to the conclusion that pitch variation cues may not be effective to distinguish emotions in T1 group. Listeners may rely on more than the analyzed prosodic cues to decode emotions when pitch variation is suppressed.
To sum up, the production and perception experiments in this study revealed that pitch variation cues might be useless (for example, in all level tone sequences in Mandarin) to distinguish between vocal emotions. It is surprising that the lack of variation in suppressed pitch fluctuation does not affect the perception of these emotions. Further examination will focus on more acoustic cues (for example, spectrum features) to bridge the gap between the production and perception of emotions for T1 group.
